ABSTRACT. To study the effects of surface materials of cells on the behavior of other neighboring cells in a crowded culture, con fluent sheets of rat 3Y1 fibroblasts were fixed and then 3Y1 cells were seeded on to them. Among con fluent sheets un fixed, fixed with formalin and fixed with ethanol and an empty plastic dish surface, the substrate activity to permit cell adhesion was compared. After con fluent 3Y1 cells (mainly composed of cells with a Gl-DNAcontent) were reseeded with fresh mediumon to these substrates, the capacity to initiate DNA synthesis per attached cell was also compared. The substrate activity of the ethanol-fixed cell sheet to permit cell adhesion was as high as that of the empty dish surface, whereas that of the un fixed cell sheet and that of the formalin-fixed cell sheet were low. Whenthe ethanol-fixed cell sheet and the empty dish surface were coated with the ethanol extract of the un fixed cell sheet, the substrate activity diminished, indicating that during the fixation process with ethanol an adhesion-inhibitory factor (s) was removed. The capacity to initiate DNAsynthesis of each cell that had completed adhesion and spreading on the cell sheets un fixed, fixed with formalin, and fixed with ethanol was lower compared to the cell that had adhered to the empty dish surface. Weconclude that factors over the 3Y1 cell surface inhibit the overlapping cell adhesion and the proliferation of cells contacting each other, resulting in the ordered cell configuration in the con fluent culture.
3Y1 cells proliferate to a saturation density determined by the concentration of serum in medium (20) . At the saturation density, the cells form a monolayer sheet without piling up, and cease proliferation being arrested with a Gl DNAcontent (density arrest). When the density-arrested cultures are exposed to high concentrations of serum by mediumchange or sparse reseeding, cells initiate proliferation and enter S phase (12, 13). In this case, as the serum concentration decreases or as the cell density increases, the fraction of cells that enter S phase decreases (12, 14) . Therefore, the proliferation of 3Y1 cells is regulated positively by growth factors in serum and negatively by cell crowding.
One explanation for the negative control at cell crowding is the contribution of growth inhibitory factors on the cell surface. Growth inhibitory factors have been extracted from the membranefraction of cells (9, 15, 16, 19) . Gangliosides (2, 8, 10 ) and proteoglycans (5, 18) on the cell surface inhibit cell proliferation when addedto culture mediumor whenexpressed in cells by transfection of the gene.
Another possible explanation is the contribution of
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the adhesion-inhibitory molecules on the cell surface.
Since 3Y1 cells are inhibited from overlapping (6, 20) , it is reasonable to suppose that the apical surfaces of cells are covered with the adhesion-inhibitory molecules which inevitably limit the area of cell spreading when cells crowd. The ability of cells to proliferate is correlated to the cell shape; ill-spread cells cease to proliferate (1, 3) .
One method to study the response of cells to the surface molecules of other cells is to examine the behavior of cells seeded on to the fixed con fluent sheet of the same kind of cells. In this study we investigated the abilities to adhere and to induce DNAsynthesis, when 3Y1 cells were seeded on to their own cell sheets unfixed, fixed with formalin and fixed with ethanol, and an empty plastic dish surface. Results showed that on the cell sheet un fixed and that fixed with formalin, both adhesion and induction of DNAsynthesis of resting cells which manage to adhere to the substrata, are inhibited.
On the ethanol-fixed cell sheets, although cell adhesion and spreading was normal, induction of DNA synthesis is significantly inhibited. It was also found that the factor which inhibits cell adhesion is removed by fixation with ethanol. From these results we conclude that factors on the 3Y1 cell surface are involved in the regulation of the cell configuration and proliferation at confluence.
MATERIALS AND METHODS
Cell culture. A clonal isolate (clone 1-6) of rat 3Y1-B diploid fibroblasts (referred to as 3Y1) (6) were used unless otherwise specified. For preparation of cell sheets, 3YlBUr-l (ll), a thymidine kinase-deficient mutant of 3Y1 was also used. Regular culture medium was Dulbecco's modified Eagle's medium (DEM) plus 10% fetal calf serum. Cultures were incubated at 37°C in a humidified atmosphere of 10% CO2/90%air. To prepare con fluent resting cultures, 5 x 104 cells were seeded in 5.2-cmplastic dishes (Nunc, Roskilde, Denmark) with 5 ml of medium or 5 x 103 cells were seeded in 1.6-cm wells of 24-well multiplates (Nunc) with 0.5 ml of medium and incubated for 5-6 days. Preparation of cell sheets. To obtain superconfluent cell sheets the con fluent cultures prepared in 24-well multiplates were further incubated with 0.5 ml of fresh medium containing 20% serum for 2 days. The cell densities were 1.1x lOVcm2 for 3Y1 and 0.9 x lOVcm2 for 3YlBUr-l, which were approximately twice the saturation density of the respective con fluent cultures. After the following treatments, the superconfluent cell sheets were used as substrates for cell adhesion assay. For living cell sheets, mediumwas removed and washed with DEMonce just before the adhesion assay. For fixed cell sheets, the cell sheets were washed with phosphate buffered saline without Ca++ and Mg++(PBS) two times, and 0.5 ml of 10% formalin in PBS or 75% ethanol in water was added to each well and kept at room temperature for 10 min. After 6-times wash with water, the cell sheets were dried in a vacuum.
To prove the presence of the factor in serum that mediates adhesion of cells to formalin-fixed cell sheets, formalin-fixed cell sheets were treated with serum by exposing the fixed sheets to 0.5 ml of DEMcontaining 10% serum in a CO2 incubator for varying periods followed by a wash with water. Furthermore, to investigate the activity of the serum factor after formalin treatment, the formalin-fixed cell sheets treated with serum for 25 h were re-fixed with formalin as above.
To prove the presence of the ethanol-soluble factor on cell surfaces that inhibits cell adhesion, 2 con fluent cultues in 5.2-cmdishes were re-incubated for 2 days in mediumcontaining 20% serum, washed twice with PBS, and 2.5ml of 75% ethanol per culture was added. After 10 min the ethanol extract was harvested, filtered through 0.22 jum filter and dried in a vacuum. The extract was dissolved in 5 ml of waters, and 0.5 ml of the solution was poured on to each of ethanol-fixed cell sheets and empty plastic surfaces in a 24-well multiplate. These substrata were dried at room temperature with continuous shaking. Oncalculation, each substratum is coated with the extract obtained from a portion of the superconfluent cell sheet of area 2 times as large as the coated substratum. Cell adhesion assay. In the case not specified, resting cells were labeled by incubation With DEMcontaining 20% serum and [3H]thymidine (37 kBq/ml, 185 GBq/mmol) for 24 h.
For determination of the adhesion ability of resting cells, resting cells were labeled for 2 h after addition of 51Cr (final concentration 740 kBq/ml, 15 GBq/mg Cr). The 3H-labeled cells were dispersed with 0.05% trypsin in PBS containing 0.5 mMEDTAand washed with DEMonce by centrifugation. The labeled cell suspension in DEMcontaining 10% serum (6x 104 cells in 0.5 ml medium per well) were pipetted on to wells with various substrata prepared as above. After varying times (usually 1 h), mediumand the unattached cells were aspirated and the wells were washed with PBSonce. The attached cells were dissolved in 0.5 ml of 1% sodium dodecyl sulfate and mixed with the 2 ml of scintillator (Scintisol EX-H, Wako Pure Chemical, Osaka) and the radioactivity was counted in a liquid scintillation counter. The radioactivity from the input cells was determined after dissolving input cells in 0.25ml suspension with 0.25ml of 1% sodium dodecyl sulfate. The counts of radioactivity were corrected by the respective counting efficiencies (about 40%). For 51Cr-labeled cells, procedures were the same as above except that after attached cells were dissolved in 1%sodium dodecyl sulfate the radioactivity was counted in an autowell gamma counter. All the adhesion assays were performed on 4 substrata of the identical preparations. Assay of DNAsynthesis induction. Resting cells were seeded with 0.5 ml of fresh medium in 24-well multiplates of which surfaces were covered with nothing, cell sheets un fixed, cell sheets fixed with formalin, cell sheets fixed with ethanol, and the formalin-fixed cell sheets coated with serum for 25 h. After 1 h incubation, cells not attached to the substrata were washed out twice by mediumchange and the adherent cells were incubated for another 13 h. Then [3H]thymidine was added at a final concentration of 37 kBq/ml (185 GBq/m- mol). After an additional 4h incubation, mediumwas removed, cells were washed 5 times with PBS, acid-soluble radioactivities were extracted with cold 5% trichloroacetic acid for 30 min. Then cells were rinsed with PBS 3 times, and the radioactivity was counted as above. In the case of seeding on living cell sheets, the radioactivity incorporated in the sheet cells (under the same incubation procedure as above except for no cell seeding on to the living cell sheets) was subtracted from the total radioactivity.
To reduce the background value, living cell sheets of 3YlBUr-l, a thymidine kinase-deficient mutant were also used. The number of cells attached during the first 1-h incubation was determined, using resting cells labeled with 51Cr.
RESULTS
Cell adhesion and spreading on unfixed and fixed cell sheets. On to the superconfluent 3Y1 cell sheets unfixed, fixed with formalin, and fixed with ethanol, 3Y1 cells were seeded in the presence of serum. Fig. 1 shows the kinetics of cell adhesion to these substrates. Treatment of empty dishes with formalin or ethanol did not affected the substrate activity for cell adhesion (data not shown). The substrate activity of the ethanol-fixed cell sheet to permit cell adhesion was similar to that of an empty plastic dish surface. The substrate activities of the un fixed and the formalin-fixed cell sheet were low. Cells that had adhered to these substrata within 1 h after seeding were photographed periodically. Fig. 2 shows the typical photographs, from which we can estimate the time course of the cell spreading on these substrata. All the cells that had adhered to the empty dish, to the un fixed cell sheet, and to the ethanol-fixed cell sheet within 1 h after seeding completed cell spreading within 2h. Whereas the cells that had managed to adhere to the formalin-fixed cell sheet within 1 h postponed spreading until later than 10 h (data not shown). This marked delay in cell spreading was not observed when the formalin-fixed cell sheet had been coated with serum for 25 h. The substrate activity of the formalinfixed cell sheet to permit cell adhesion was also improved by the serum coating (see below). As shown in Fig. 3 , the substrate activity of the formalin-fixed cell sheet to permit cell adhesion was increased by coating the formalin-fixed sheet with serum. The increased substrate activity was no longer diminished when the serum-coated sheet was further treated with formalin. These results indicate that the inhibition of cell adhesion on formalin-fixed cell sheets is not due to the toxicity of residual formalin.
As shown in Table I , when the ethanol-fixed cell sheets were coated with the extract obtained during the ethanol fixation, cell adhesion to the coated sheets was markedly inhibited. Whenthe empty dish surface was coated with the extract, cell adhesion to the coated surface was also inhibited.
Induction ofDNAsynthesis of resting cells attached to fixed or unfixed cell sheets. After resting cells were seeded on to an empty dish surface, the cell sheet unfixed, that fixed with formalin and that fixed with etha-100 Serum treatment (h) nol, the ability to initiate DNAsynthesis was compared among the cells attached to those substrata. Results are shown in Table II . The induction of DNAsynthesis was inhibited on living cell sheets. To exclude the ambiguity caused by the [3H]thymidine incorporation by underlayer living cells, the cell sheet of 3YlBUr-l, a thymidine kinase-deficient mutant was also used. In this case, the induction of DNAsynthesis was inhibited to the sameextent as observed on the sheet of parent 3Y1 cells. It must be noted that the extent of the inhibition was fairly equal between the underlayer 3Y1 cells (background) and overlaid 3Y1 cells, suggesting that the induction of DNAsynthesis is inhibited by the interaction between the underlayer cells and the overlaid cells. On formalin-fixed cell sheets, the induction of DNAsynthesis was also inhibited. In this case, cell spreading was severely inhibited (Fig. 2) . Therefore, the inhibition of cell spreading will be the main cause of the impairment of the induction of DNAsynthesis on the formalin-fixed cell sheet. However, on the formalin-fixed cell sheet coated with serum, although the cell spreading was not markedly hindered (Fig. 2) , induction of DNAsynthesis was greatly inhibited, suggesting that another activity of the growth-inhibitory factor is preserved on the surface of cells fixed with formalin. On ethanol-fixed cell sheets, induction of DNA synthesis was also inhibited but to a less extent.
DISCUSSION
Cells seeded on an un fixed cell sheet and cells seeded on a formalin-fixed cell sheet showed two common aspects. First, cell adhesion was inhibited on both sheets. Second, resting cells which had managed to adhere to both sheets were inhibited from inducing DNA synthesis. Although the substrate activities for cell adhesion and spreading were improved when the formalin-fixed cell sheet was coated with serum, the restoration of the induction of DNA synthesis was marginal. These results suggest that un fixed living 3Y1 cells have two inhibitory factors on their surfaces: the factor that rejects adhesion of other cells and the factor that inhibits induction of DNAsynthesis. These inhibitory factors are not removed or inactivated after fixation with formalin. Proteoglycan, which exists on the cell membrane, inhibits the attachment of cells to plastic dishes (7, 17) . Isolation of inhibitors of DNA synthesis induction derived from cell membrane has been reported (9, 15, 16, 19) .
The ethanol-fixed cell sheet had a high substrate activity to permit cell adhesion. Since the ethanol extract of the living cell sheet had an activity to inhibit cell adhesion, the factor that inhibits the adhesion of other cells seemsto be washed out during the ethanol fixation. Whenresting cells were seeded on the ethanol-fixed cell sheet, induction of DNAsynthesis was inhibited compared to when they were seeded on the empty dish surface, suggesting that the ethanol-fixed cell sheet preserves the inhibitory factor of induction of DNAsynthesis.
In this experiment, cell spreading was compared on various substrata morphologically but not by measuring the spreading area of individual cells. Since the capacity of a cell to proliferate is dependent on the spreading area (3), we cannot rule out the possibility that the inhibition of induction of DNAsynthesis in the cells spreading on the fixed cell sheets may merely reflect the decrease in the spreading area that is caused by the adhesion-inhibitory factor.
The substrate activity of a formalin-fixed cell sheet to permit cell adhesion was restored by coating the fixed cell sheet with serum. Re-fixation of the serum-coated cell sheet with formalin did not markedly inhibit cell adhesion. This indicates that serum factors which have adhered to the formalin-fixed cell sheet mediating cell adhesion, are not inactivated by the formalin re-fixation. On the other hand, although living cell sheets had been continuously exposed to serum (in the present study, the con fluent cell sheet had been exposed to fresh mediumcontaing 20%serum for 2 days before fixation or seeding other cells on to them), seeded cells did not easily adhere to both cell sheets living and fixed with formalin.
These situations can be explained as follows. When the formalin-fixed cell sheet is exposed to serum for a relatively long period (1 day), the serum factor which mediates cell adhesion such as fibronectin and vitronectin (4), gradually adheres to the fixed cells. Here, we assume that the site of the serum factor molecule adhesive to the formalin-fixed cell sheet is distinct from that preferentially adhesive to living cells (e.g., RGDsequence of fibronectin and vitronectin). To the living cell sheet the serumfactor molecule adheres preferentially at the cell recognition site (e.g., RGDsequence) but not at the site adhesive to the formalin-fixed cell sheet. Then, the serum factor plays a role of a bridge between an adhering cell and the formalin-fixed cell sheet to which the serum factor has adhered leaving the cell recognition site unoccupied, but not between an adhering cell and the living cell sheet to which the serum factor has adhered with the cell recognition site occupied.
In conclusion, we propose that proliferation in a confluent monolayer culture of untransformed cells is performed as follows. Cells in the monolayer culture are covered with adhesion-inhibitory factors on their upper surfaces. The control of cell array at confluence by the inhibitory factors also control cell proliferation by limiting the spreading area. In parallel, at confluence cell proliferation is suppressed by growth-inhibitory factors on the surfaces of neighboring cells contacting each other. Depletion of growth factors is another element.
